Opioid drugs such as heroin interact directly with opioid receptors whilst other addictive drugs, including marijuana, alcohol and nicotine indirectly activate endogenous opioid systems to contribute to their rewarding properties. The opioid system therefore plays a key role in addiction neurobiology and continues to be a primary focus for NIDA-supported research. Opioid receptors and their peptide ligands, the endorphins and enkephalins, form an extensive heterogeneous network throughout the central and peripheral nervous system. In addition to reward, opioid drugs regulate many functions such that opioid receptors are targets of choice in several physiological, neurological and psychiatric disorders. Because of the multiplicity and diversity of ligands and receptors, opioid receptors have served as an optimal model for G protein coupled receptor (GPCR) research. The isolation of opioid receptor genes opened the way to molecular manipulations of the receptors, both in artificial systems and in vivo, contributing to our current understanding of the diversity of opioid receptor biology at the behavioral, cellular and molecular levels. This review will briefly summarize some aspects of current knowledge that has accumulated since the very early characterization of opioid receptor genes. Importantly, we will identify a number of research directions that are likely to develop during the next decade.
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1. Introduction: from receptor binding sites to receptor genes, a brief history
In 1973, three independent teams showed that opiates bind to membrane receptors in the brain (Pert and Snyder, 1973; Simon et al., 1973; Terenius, 1973) , and opioid binding sites were named mu, delta and kappa receptors a few years later (Martin et al., 1976) . At that time, receptors remained a concept in pharmacology, and opioid binding the only way to define the receptor site. Gene cloning and characterization was a necessary step to evolve our understanding of opioid receptors, as proteins that operate in the nervous system (Mansour et al., 1995) and control nociceptive, hedonic, emotional, as well as autonomic, neuroendocrine and immune responses in vivo (see for example Bodnar, 2007) . The first opioid receptor gene was isolated by expression cloning in 1992 (Evans et al., 1992; Kieffer et al., 1992) . Because of strong sequence homology across receptors, the entire opioid receptor gene family was readily cloned in the following two years. In the mid 90s the entire endogenous opioid system, including peptides (see Akil et al., 1984) and receptors (see Kieffer, 1995) , was characterized at the molecular level. The receptor DNA sequences enabled cell lines and more recently animal models to be generated, in order to express mutant and tagged opioid receptors and characterize requirements for ligand trafficking, signaling, and selectivity for the different opioid receptors. The cloning also enabled the creation of mice lacking opioid receptors that could dissect out the role of each receptor in exogenous and endogenous opioid-mediated behaviors. The cloning finally launched genetics studies in humans, although this aspect will not be discussed here (see LaForge et al., 2000; Ikeda et al., 2005; Mayer and Hollt, 2006 ).
From receptor genes to receptor proteins
Based upon the gene sequence, the primary amino acid structure of the opioid receptor family placed these receptors into the large family of rhodopsin-like G protein coupled receptors. Approximately 670 genes representing 2-3% of the human transcribed genome are dedicated to this family of receptors, and other members include the receptors for dopamine, serotonin, acetyl choline, epinephrine and many receptors for peptide neurotransmitters (Lagerstrom and Schioth, 2008) .
The opioid binding pocket
Overall mu, delta, kappa receptors show 60% amino acid sequence identity. Closest homology occurs within the seventransmembrane helical core, which contains the opioid binding pocket (Fig. 1A) . Extracellular domains, including three extracellular loops and the N-terminal domain, determine mu, delta and kappa selectivity. These domains differ strongly between receptors, and likely form a protein gate ( Fig. 1B) that selects agonists or antagonists entering the binding pocket thereby contributing to mu, delta and kappa selectivity. 3D computer modeling of the opioid binding pocket was developed principally on the crystal structure of rhodopsin and led to models of opioid binding sites that were investigated and refined by site-directed mutagenesis (see Dé caillot and for the delta receptor. Very recently, the structure of the beta2-adrenergic receptor, a more closely related GPCR to opioid receptors than rhodopsin has been determined Rosenbaum et al., 2007) . The crystal structure shows much in common with rhodopsin and supports the models predicted from biochemical and site-directed mutagenesis regarding critical amino acids required for ligand binding and activation.
From an inactive to an active state
As for all GPCRs, opioid receptors convey extracellular signals within the cell by activating heterotrimeric G proteins via conformational modulation of cytoplasmic domains of the receptor that interact with the G proteins. Agonist binding modifies helical packing of the receptor, and a rearrangement in the positioning of transmembrane domains 3, 6 and 7 has been proposed to drive the transition between inactive and active conformations of the receptor (Dé caillot et al., 2003) . This helical movement modifies the receptor's intracellular structure, hence the receptor-G protein interaction. Intracellular loops of the receptor form a large part of the receptor-G protein interface. These intracellular receptor domains are almost identical across mu, delta and kappa receptors, consistent with the fact that all three receptors interact with inhibitory G proteins of the Go/Gi type. G protein subunits dissociate from the activated receptor and, in turn, modulate intracellular effectors and pathways. Intracellular signaling, in turn, lead either to short-term inhibition of neuronal activity, or to long-term genomic effects ( Fig. 1B , and see below).
Pharmacological diversity
Opioid receptor pharmacology is complex and the existence of multiple mu, delta and kappa receptor types was proposed since the early 70s. Gene cloning led to characterize three receptor genes only, refered as to Oprm1, Oprd1 and Oprk1. These genes encodes mu, delta and kappa receptors, respectively, and the molecular basis for pharmacological diversity has long remained a matter of debate (see Befort and Kieffer, 1997; Zaki et al., 1996) . Alternative splicing has been reported, but it has been difficult to establish the biological relevance of these alternative transcripts in vivo, and to correlate their existence with the multiple opioid receptor subtypes that were described earlier by the pharmacology. Today, it is admitted that the three receptors are highly dynamic ligandrecognition proteins that may indeed account for the wide diversity of opioid receptor subtypes reported by the pharmacology.
Receptor complexes and many cellular responses
There are several ways to explain pharmacological heterogeneity of opioid receptors (Evans, 2004) other than by alternative . Helices are indicated as ribbons, side chains of amino acids implicated in binding (dark grey) or both binding and activation (light grey) are shown as sticks. The opioid binding site forms a pocket penetrating half-way into the helical bundle, and is similar across mu, delta and kappa receptors. (B) Opioid receptors are coupled to inhibitory G proteins and form signaling complexes with many protein partners. Opioid receptor activation modifies ion channel activities (decreased neuronal excitability or neurotransmitter release), decreases cAMP levels via inhibition of adenylate (Ad.) cyclase and activates phosphorylation pathways that lead to transcriptional regulations. As for all GPCRs, signaling is highly regulated by receptor phosphorylation and trafficking via scaffolding proteins. Signaling and regulatory proteins that have been identified are indicated in the figure. A current hypothesis is that different agonist ligands confer different patterns of receptor signaling and trafficking in vivo.
transcripts or post-translational modifications (phosphorylation, palmitoylation or glycosylation). First, increasing evidence support the notion that mu, delta and kappa receptors may adopt multiple active conformations. For example, mutagenesis data suggest the existence of multiple binding modes for opioids within the binding pocket (first evidence in Befort et al., 1996) . Also, signaling studies in cellular models show that receptor activation and subsequent regulations (including phosphorylation and receptor internalization) are strongly drug-dependent (first evidence in Arden et al., 1995; Keith et al., 1996) . Hence the ligand-receptor complex, rather than the receptor itself, determines the ultimate physiological cellular response. A second source of heterogeneity is the direct cellular environment of the receptor. Heterotrimeric G protein expression differs across cell types, and the number of possible G protein-associated signaling pathways has expanded dramatically. The variable combinations of G proteins' subunits and the nature of associated signaling networks necessarily generate neuronspecific, or even neuron compartment-specific responses. Also, as was demonstrated for several other GPCRs, many regulatory proteins directly interact with the receptor intracellular domains and C-terminal tail and potentially influence opioid receptor pharmacology (see Fig. 1B and reviewed in Contet et al., 2004) . A third potential receptor modulator is another receptor molecule. The possibility that GPCRs exist as dimeric or oligomeric complexes has gained evidence in the recent years (first evidence, Jordan and Devi, 1999) . Co-expression data suggest that the physical association of opioid receptors either as homodimers or heterodimers, or even with other GPCRs creates novel receptor entities with unique pharmacological properties, which would increase opioid receptor heterogeneity (see Devi, 2001; Levac et al., 2002) . Whether receptor dimerization truly occurs and modulates pharmacology in vivo remains an important question, which is generally highly investigated in GPCR research (see Pin et al., 2007) . In conclusion, molecular approaches have provided a novel view of opioid receptors and it is likely that the complexity of opioid responses will extend far beyond the previously reported pharmacological subtypes as in vivo molecular pharmacology evolves. We must now envisage opioid receptors as dynamic multicomponent units, rather than single protein entities, and that ligands establish and stabilize different receptor-containing protein complexes. This inevitably leads to proposing that different agonist ligands confer different patterns of signaling and receptor trafficking and introduces the potential for agonist-directed opioid receptor signaling.
Ligand-directed signaling: implications for drug design
One dramatic case of agonist-selective signaling is observed with drugs acting at serotonin receptors. NIDA-supported research has elegantly shown that hallucinogenic drugs such as LSD, mediate their behaviors via 5HT2A receptors by activating different downstream signaling pathways from non-hallucinogenic 5HT2A agonists such as lisuride (Gonzalez-Maeso et al., 2007) . The ability for drugs activating the same receptor yet eliciting different behavioral responses offers an important concept for refining pharmaceuticals and in the case of opioids perhaps separating signaling pathways leading to respiratory depression or addiction from those inhibiting pain. An important clinical feature of opioid drugs beside their acute actions is the development of opioid tolerance and dependence. Tolerance is initiated by receptor activation followed by cascade of adaptive responses initially involving the receptor itself (perhaps receptor phosphorylation and interaction with proteins such as arrestins, in some cases triggering trafficking changes), then adaptive changes of signaling pathways and cellular homeostatic mechanisms, and finally circuitry modulated by altered activity of the receptor-containing cells. Opponent processes resulting from continued opioid drugs are the signature of dependence and opioid withdrawal with increased sensitivity to pain, diarrhea, dysphoria, and agitation, reveal adaptive compensatory responses to drug treatment that opposing the acute effects of the drug. Opponent processes may also contribute tolerance since they begin to oppose the acute effects of the drug. Recent data suggest that different opioid drugs may utilize different desensitization mechanisms for receptor signaling although which pathways would be clinically beneficial for reducing tolerance and withdrawal is still not known (Kelly et al., 2008) . Therefore a remaining challenge is to determine if behaviorally relevant signaling pathways can be targeted by different opioid drugs. Rationale design of opioid compounds that activate a specific subset of mu, delta or kappa receptor-associated signaling pathways is a possible strategy to develop novel drugs of high therapeutic value and low adverse activities, but this still remains a distant goal.
Finally, ligand-directed signaling may also influence endogenous opioid physiology. The existence of about 30 endogenous opioid peptides derived by alternative proteolytic cleavage of three precursor proteins has been puzzling for many years (Evans et al., 1988) . In addition to differential stability to extracellular proteases and differential selectivity towards opioid receptors, individual opioid peptides may show subtle differences regarding signaling and desensitization characteristics in vivo.
From receptor genes to behavior

Opioid receptor knockout mice
Since a decade, mice lacking mu, delta or kappa receptors, as well as preproenkephalin, preprodynorphin or b-endorphin, have been created by gene targeting -so-called knockout mice (see Kieffer and Gavé riaux-Ruff, 2002) . Mice lacking a single opioid receptor type, or even the triple receptor knockout mice, are viable and fertile and show no obvious developmental deficit, indicating that the opioid system is not essential for survival, at least under home cage conditions. These mutant mice have been extensively analyzed either for spontaneous behaviors, or in response to opioid and non-opioid drugs. Usually confirming, and further extending the pharmacology, the genetic approach has clarified the specific contribution of each opioid receptor in opioid-controlled physiology and behaviors. The comparative analysis of mu, delta and kappa knockout mice has definitely highlighted very distinct activity patterns for each receptor in vivo. Similar comparisons are currently underway for opioid peptide knockout mice. Main conclusions from receptor gene knockout are as follows.
Addictive behaviors and emotional responses
Mu receptors represent the primary molecular target for morphine in vivo and mediate both beneficial and adverse effects of the most broadly used opiate (Matthes et al., 1996) . Mu receptors also mediate rewarding properties of non-opioid drugs of abuse including cannabinoids (Ghozland et al., 2002) , alcohol (Roberts et al., 2000) and nicotine (Berrendero et al., 2002) , or even natural reinforcers such as social interactions (Moles et al., 2004) . Mu receptors therefore represent a key molecular trigger for reward, and most likely contribute to the initiation of addictive behaviors (Contet et al., 2004) . Kappa receptors mediate dysphoric activities of both kappa opioids (Simonin et al., 1998) and cannabinoids (Ghozland et al., 2002) and therefore oppose mu receptors in regulating the hedonic tone, as previously proposed (Spanagel et al., 1992) . Recent studies have implicated prodynorphin derived opioid peptide activation of kappa receptors as modulating stressinduced relapse and suggest the potential of kappa antagonists as a therapeutic target for relapse (Land et al., 2008) . Delta receptors are less directly involved in hedonic control. Very distinct from mu and kappa receptors, delta receptors regulate emotional responses and show anxiolytic and antidepressant activity (Filliol et al., 2000) . This specific function of delta receptors is now confirmed by recent pharmacological studies (see Jutkiewicz, 2006; Saitoh et al., 2004) using SNC80, the only commercially available highly selective delta compound. Further analysis of delta knockout mice and the development of more selective compounds will likely reveal other activities of delta receptors, that will be of potential interest in the field of psychiatric disorders.
Pain
Mu, delta and kappa receptor-deficient mice all exhibit enhanced pain sensitivity. This confirms that the three receptors, activated by endogenous opioid peptides, tonically inhibit nociceptive responses. Phenotypes of mutant mice differ across pain assays (Martin et al., 2003) . In models of physiological or acute pain, mu receptors modulate mechanical, chemical and supraspinally controlled thermal nociception, while kappa receptors modulate spinally mediated thermal nociception and visceral pain. Again delta receptors differ from mu and kappa receptors in that there is no obvious regulation of acute pain. In contrast, there is strong evidence for a role of delta receptors in reducing hyperalgesia in situations of inflammatory (Gavé riaux-Ruff et al., 2008) and neuropathic (Nadal et al., 2006) pain. These data combined with many pharmacological studies clearly demonstrate a specific role for each receptor in regulating the broad diversity of pain modalities (see Dickenson and Kieffer, 2005) .
Perspectives: the neuroanatomical aspects
Opioid receptors are broadly expressed throughout the nervous system. In order to understand the basis of opioid receptorcontrolled behaviors, it is critical to localize receptors that operate within neural circuits. Both transgenic and viral approaches are being developed to create mouse models with regionally targeted opioid receptor knockout (conditional knockout) or knock-down (small interference RNA). These approaches will lead to identify specific opioid receptor populations responsible for pain control, either in peripheral or central nociceptive pathways, and reveal the specific opioid receptor populations regulating emotional responses, as well as drug reward, craving and relapse within the complex addiction circuitry (see Baler and Volkow, 2006; Nestler, 2005; O'Brien and Gardner, 2005; Koob and Kreek, 2007) .
From opioid receptor genes to downstream target genes
Exposure to opioids induces genetic reprogramming of neuronal function. The analysis of responses to chronic morphine in about 30 knockout mouse lines has revealed that many genes contribute to the development of morphine dependence in vivo (reviewed in Contet et al., 2004) . Differential gene expression experiments, including gene profiling or subtractive approaches, have identified several gene families whose transcription is regulated following treatment with drugs of abuse (Pollock, 2002) . Psychostimulants have been mainly used, while morphine studies are still limited (Ammon et al., 2003; Jacobs et al., 2003; McClung and Nestler, 2008) .
Morphine essentially activates mu receptors in vivo. Hence the development of morphine tolerance and dependence -and other adaptations to chronic morphine -results from excessive mu receptor activation throughout the nervous system. Exposure to other drugs of abuse, also likely triggers continual mu opioid receptor activation through endogenous mechanisms. The genetic consequences of repeated mu receptor stimulation may be a key strategy towards understanding the molecular bases of drug abuse, and a recent study has focused on mu opioid receptor signalingassociated events. In this study, a genome-wide investigation identified a specific set of morphine-induced gene regulations, which occurred in wild-type mice but not in mu receptor knockout mice. These regulations were studied in the central extended amygdala (Befort et al., 2008a,b) which interfaces brain reward and stress systems, and in the lateral hypothalamus (Befort et al., 2008a,b) , an area critical for reward and motivation. These sets of genes, many of which have not been associated to mu receptor stimulation as yet, provide unique molecular repertoires towards understanding mu receptor-mediated neural plasticity, and perhaps discover novel mechanisms of drug craving and relapse.
From receptor genes to receptor imaging in vivo
Non-invasive imaging approaches in addiction
While PET and MRI techniques offer unique access to visualization of structure and function in the living brain (see Volkow et al., 2004) , their spatial and temporal resolution are limited. Because receptor subcellular localization and traffic in neurons is critical to understand receptor function, there is tremendous interest in developing non-invasive imaging approaches that achieve subcellular resolution, and allow direct visualization of receptor movements in live neurons. The green fluorescent protein (GFP) from the jellyfish Aequora victoria (Tsien, 1998) and GFP variants have become reporters of choice to study dynamic biological processes in living cells, and mouse engineering has opened the way to functional imaging in mammals (Hadjantonakis et al., 2003) . Driven by selected promoters in transgenic mouse strains, the fluorescent reporter has revealed the localization, shape, movement and growth of specific cell populations in neural regeneration and plasticity (Trachtenberg et al., 2002) . In a small number of reports, gene targeting in mouse has been used to create fluorescent versions of well-characterized proteins in vivo and explores their distribution and dynamics within a native environment. Recently, a mouse line expressing a GFP-tagged delta receptor in place of the native delta receptor (delta-eGFP knock-in mice) has been created. In these animals the receptor is expressed at levels comparable to wild-type, and is functionally coupled to G proteins. This is the first example of knock-in mice expressing a fully functional fluorescent G protein coupled receptor (Scherrer et al., 2006) .
From the gene to a trackable receptor in vivo
The mutant delta-eGFP mice proved to be an extraordinary tool to study receptor biology. The receptor neuroanatomy is visible throughout the nervous system (Figs. 2 and 3) . Confocal imaging of brain section reveals distinct architectures of the fluorescent signal across brain areas, which reflect the natural distribution of delta receptors in brain circuits. Fluorescent cell bodies and processes are easily detectable in hippocampal interneurons while strong homogenous and diffuse fluorescence is observed in the basolateral amygdala. Striatal sections show fluorescent cell bodies embedded in dense fluorescence likely arising from high dendritic receptor expression ( Fig. 2A) . Immunohistochemistry using standard neuronal markers allows to readily identify phenotypic characteristics of delta receptor-expressing neurons (Fig. 2B) and further, allows to precisely localize receptor localization in distinct neuronal compartment. As an example, preliminary data using MAP2 labeling show the existence of both presynaptic and postsynaptic receptors in hippocampal neurons (Fig. 3, Massotte and Kieffer, unpublished) . Detailed functional mapping of fluorescent delta receptors will greatly help our understanding of delta receptor function in vivo.
The dynamics and implications of receptor trafficking in vivo
The eGFP fusion strategy allows the study of real-time receptor trafficking in live neurons. Primary neurons from delta-eGFP mice have been exposed to opioid ligands and rapid receptor internalization could be observed in real-time, upon exposure to several delta agonists (see Fig. 2C and Scherrer et al., 2006) . Preliminary studies using these ex vivo preparations indicate that delta-eGFP receptors are targeted to lysosomes (Tryoen-Toth and Kieffer, unpublished), definitely classifying delta receptors among slow-recycling/fast degrading GPCRs (Tanowitz and von Zastrow, 2003) . In the future, real-time receptor trafficking studies will be expanded to slice preparations from delta-eGFP mice, and possibly in live animals while resolution of optic fiber technology improves.
The biological significance of GPCR internalization in vivo remains unknown, and whether receptor internalization negatively or positively regulates receptor function is highly debated. At present, most receptor trafficking studies after agonist administration have been performed in cellular models and their physiological relevance is limited. These in vitro systems may not reflect in vivo situations in terms of receptor density, protein content of receptorexpressing cells, or even receptor localization within subcellular compartments as is the case for neurons (Bernard et al., 2006) . Scherrer et al. (2006) . (A) Epifluorescence macroscopy shows the general anatomical distribution of delta receptors. Top left, whole brain from wild-type (þ/þ) and knock-in (eGFP/eGFP) mice; top midde, coronal section at the level of the caudate putamen (Cpu); top right, sagittal section at the level of the hippocampus (Hip). Confocal microscopy of regions delimited by insets reveals receptor distribution with a cellular resolution (middle panels). Confocal microscopy of primary neurons from caudate putamen and hippocampus highlights the subcellular distribution of delta receptors (bottom panels). (B) Immunostaining with GAD antibodies (red) identifies GABAergic neurons expressing fluorescent delta receptors in neurons from the Cpu (Cpu-GABA) and Hip (Hip-GABA) in either brain sections (top) or primary cultures (bottom). Nuclei are stained in blue. (C) Delta receptor internalization in vivo, upon exposure to delta agonists. Left panels show prominent surface labeling in cortical (Ctx) and hippocampal (Hip) neurons in brain sections of vehicle-treated animals (left) and the typical punctate pattern of internalized receptors in brain sections of SNC80treated animals (right); scale bars 8 mm. Right panels shows delta-eGFP labeling in striatal primary neurons before (0 min) and 20 min after exposure to both a non-peptidic (SNC80) and a peptidic (deltorphin II) delta agonist; scale bars 12 mm. In those preparations, the receptor internalization process can be observed in real-time, using time-lapse confocal microscopy (see Scherrer et al., 2006). Additionally, data from cellular models provide no understanding of how receptor trafficking influences integrated responses in the living organism. Intracellular trafficking of native receptors in tissues has been rarely studied, due to limited availability of specific antibodies for the receptors (see Sternini et al., 1996; Tappe-Theodor et al., 2007; Van Bockstaele and Commons, 2001; Bernard et al., 2006) . Delta-eGFP mice represent a unique tool to readily examine the subcellular localization of endogenously expressed receptors in neurons and correlate receptor trafficking with the behavioral effects of agonists in vivo. First data showed that treatment with the delta agonist SNC80 triggers massive receptor endocytosis throughout the nervous system (Fig. 2C) , together with locomotor activation. Interestingly, mice with internalized receptors do not respond behaviorally to a second drug administration (Scherrer et al., 2006) . This was a first indication that internalization may impact delta receptor signaling in vivo. Further studies using agonists with variable internalization potencies, and examining other-possibly therapeutically relevantbehavioral responses, will establish the extend to which receptor internalization controls receptor function and drug efficacy, or influences the development of in vivo tolerance.
Delta-eGFP mice also represent a particularly appealing tool to report for endogenous peptide release. Delta receptor internalization may be observable in the mouse, following activation of the endogenous opioid system, and this opens an entire field of investigation. The identification of behavioral situations and sites where opioid peptides stimulate delta receptors will be helpful to understand many of the opioid-controlled behaviors. Finally, the study of opioid receptor expression, distribution and dynamics (responsivity to agonists) in drug-dependent or post-dependent animals will be greatly facilitated in these mutant mice. Imaging data from this -or similar -mouse model in situations relevant to drug abuse may ultimately provide invaluable information at the neuronal level, which is currently lacking in PET or MRI addiction studies.
A novel approach in GPCR research
GPCRs represent the largest and most versatile family of membrane receptors. Each member has a specific cellular life cycle (Tan et al., 2004) and is subjected to a particular set of signaling regulatory mechanisms (Pierce et al., 2002) . Our eGFP knock-in approach could be extended to other GPCRs, as for example to mu receptor as a prototypic fast-recycling receptor, or to orphan receptors for which in vivo pharmacology is still in its infancy. Also the development of fluorescently tagged receptors with distinct colors may be instrumental to address the issue of receptor heterodimerization in vivo.
Conclusion
Targeting opioid receptors for therapeutics
One fundamental goal of opioid research remains the rational design of more effective opioid analgesics. In addition there is increasing interest in developing therapeutic drugs targeting delta In this neuron MAP2 and delta-eGFP are co-localized (merged image on the right), suggesting a post-synaptic localization of the receptor. Scale bar 10 mm. Bottom panels: the delta receptor is also expressed in axons. In this neuron, lack of MAP2 and delta-eGFP co-staining (merged image on the right) indicates a presynaptic receptor localization. Scale bar 10 mm.
receptors for emotional disorders and conditions of chronic pain, and kappa receptors in the treatment of drug abuse and stress. Drug design in the past has been focused on drug selectivity (mu, delta and kappa), intrinsic efficacy of opioid drugs at these receptors and drug metabolism. Based on the newfound knowledge of opioid receptor complexes, new pharmacology categories of opioid drugs are emerging. Properties such as ability to recruit specific kinases or arrestins, or selective signaling cascades and desensitization processes, are becoming discriminating criteria in drug development. Our understanding about ligand-receptor contacts and conformational states that modulate the formation of selective receptor complexes are still in their early stages, yet differential signaling and trafficking do manifest in altered cellular and behavioral responses. It will be important to determine optimal complex-forming profiles for drugs that infer maximal clinical efficacy and minimal deleterious side-effects for all opioid therapeutic uses. This new challenge for opioid pharmacology has implications for maintaining synthesis efforts. These will lead to develop new opioid drugs that trigger the formation of defined receptor complexes to achieve optimal therapeutic efficacy in the human nervous system.
Understanding the physiology and plasticity of the opioid system in vivo
On-going studies have returned to analyzing opioid receptor and peptides operating in their physiological environment, using molecular and genetic tools as well as high resolution imaging techniques. There is a need to identify neural sites where opioid peptide and receptors operate within nociceptive, emotional and motivational circuits. Also, and in line with the search for drugs that activate specific receptor signaling complexes, it will be important to characterize signaling pathways that are relevant to specific behavioral or physiological responses to opioids in vivo. Among these, opioid-associated pathways that underlie addictive behaviors will be of particular interest in drug abuse research. Additionally, novel insights into brain function will arise from understanding interactions of the opioid system with other neurotransmitter systems. For example, whether the opioid system interacts with the cannabinoid system or antiopioid systems at molecular, cellular or circuit level remains an open question. Lastly, the elucidation of molecular and network adaptations to chronic opiates will undoubtedly shed light on general mechanisms of brain plasticity.
